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SYNOPSIS 


7A study was made of the benefits obtained by cement modification of clay soils. 
Comparisons were made between cement-soil and lime-soil mixtures using 11 different 
fsoil samples, four with an AASHO classification of A-6 and seven with a classification 

of A-7-6, Additions of 3 and 5 percent cement by weight to these soils significantly 
freduced the plasticity indexes and increased the shrinkage limits, cohesiometer values, 
jand unconfined compressive strengths. Reductions in plasticity index by cement 
‘treatment were approximately the same as those produced by an equal weight of lime. 
» Strengths of cement-treated A-6 soils were greater than those of A-7-6 soils. In 


jaddition, 


soils treated with cement generally showed higher strengths than those 


treated with lime. This was particularly evident with Type A-6 soils. 


J INTRODUCTION 


 Soil-cement has been used for more than 
'30 years in the construction of base 
courses and subbases for streets, roads, 
highways, shoulders, airfield pavements, 
, and parking areas. The cement content of 
i) soil-cement is equal to that established by 
ASTM wet-dry, freeze-thaw tests(1)** 


jand the PCA brush-loss criteria.(?) Soil- 
' cement provides a hardened, durable 
| pavement layer with considerable bearing 
strength that distributes imposed traffic 
loads to the underlying weaker subgrade. 
| Research data on a thickness design 
method for soil-cement pavements are 
} presented in PCA Development Depart- 
| ment Bulletin D142.(3) 
_ Cement-treated soil mixtures con- 
taining slightly less cement than that 
‘required for soil-cement have been used 
for the construction of subbases under 
concrete pavements. In this case, the 
cement content is generally based only on 
a compressive strength criterion. Another 
type of cement treatment is referred to as 
cement modification of soil. A cement- 
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modified soil is regarded as an improved 
soil and may be unhardened or semi- 
hardened, depending on the cement con- 
tent. The principal objective of cement 
modification is to reduce the ability of 
the soil to retain moisture while at the 
same time increasing its strength. 

Cement-modified soils have been used 
for many years. For example, in 1938 the 
Oklaho ia State Highway Department 
used a cement-modified subgrade on a 
project in Comanche County to minimize 
distortion of concrete pavements placed 
on highly expansive subgrade soils.(4) 
Cement contents averaging 6 percent by 
volume were used with soils ranging from 
A-4 to A-7-6 and having plasticity indexes 
as large as 50. 

The reactions accompanying stabiliza- 
tion of clay with cement were described 
by Herzog and Mitchell(S) as follows: 
“Primary and secondary processes may be 
distinguished during the hardening of a 
clay-cement mixture. Hydrolysis and 
hydration of cement could be regarded as 
primary reactions. These processes would 
initially form usual cement hydration 
products and increase the pH of the pore 
water. The fresh calcium hydroxide 
formed during this period would be more 
reactive than ordinary lime. Clay may 


participate in the secondary processes. 
The calcium ions produced by cement 
hydration first convert the clay to the 
calcium form and tend to intensify the 
flocculation initiated by the increase in 
total electrolyte content accompanying 
the addition of cement. The calcium 
hydroxide initiates attack of the clay 
particles and amorphous constituents. 
Dissolved silica and alumina combine 
with calcium ions and precipitate addi- 
tional cementitious material.” 

This report presents the results of a 
laboratory investigation of cement modi- 
fication of clay soils with an AASHO 
classification of A-6 or A-7-6. Although 
these soils usually require 9 to 16 percent 
cement to obtain hardened soil-cement, 
benefits were obtained by the use of less 
cement. Additions of 3 and 5 percent 
cement caused a reduction in the plas- 
ticity index, an increase in the shrinkage 
limit, and an increase in the compressive 
strength. These benefits were studied by 
testing 11 different clay soils treated with 
cement. As hydrated lime has also been 
used to treat clay soils, comparisons are 
made between cement-soil and lime-soil 
mixtures. 


SCOPE AND OBJECTIVES 


To study the effects of treating clay soils 
with small percentages of either cement 
or lime, tests were made to determine 
changes in (1) liquid, plastic, and shrink- 
age limits; (2) moisture-density relation- 
ships; (3) cohesiometer values; (4) uncon- 
fined compressive strengths; and (5) tri- 
axial compressive strengths. In addition, 
the soil samples were analyzed for (1) 
grain size, (2) mineral composition, and 
(3) cation exchange capacity. Also in- 
cluded was a study of the effects of 
varying the (1) time delay between initial 
mixing and compaction or testing, and 
(2) method of drying the mixtures for 
liquid, plastic, and shrinkage limit tests. 


TEST PROCEDURES 


All soil samples were prepared for testing 
by passing them through a No. 4 mesh 
sieve after sufficient air-drying. No appre- 
ciable material was retained on the No. 4 
sieve for any of the soils tested. 


Grain-Size and Moisture-Density Tests 


Test samples were prepared for grain-size 


tests according to ASTM D421.(®) Grain 
sizes were determined according to ASTM 


D422.(7) 
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Moisture-density relationships were 
determined for each soil sample according 


to ASTM D698.(8) A separate and new 
sample was used for each moisture- 
density determination. 


Liquid, Plastic, and Shrinkage Limit Tests 


Samples for liquid, plastic, and shrinkage 
limit tests of cement-soil and lime-soil 
mixtures were prepared by first selecting 
a representative 500 g of the soil using a 
sample splitter. Either 3 or 5 percent by 
weight of cement or lime was then mixed 
with the soil using a spatula and the 
mixture was placed in a 5x9xS5-in.-deep 
pan. Sufficient water was added and the 
soil sample was mixed in the pan with a 
spatula to obtain a uniform moisture 
content slightly greater than the plastic 
limit. After a delay period of either 1, 24, 
or 48 hr, the mixture was washed over a 
No. 40 mesh sieve. The material passing 
the No. 40 mesh sieve was allowed to 
settle in a pan and the clear water was 
siphoned off. 

Either of two methods was used to dry 
the soil mixtures. In one method, the 
sample was dried in a 140 F oven and 
then reduced by a mortar and rubber- 
covered pestle to particles fine enough to 
pass a No. 40 mesh sieve. Water was 
added to this material to determine the 
liquid, plastic, and shrinkage limits. In the 
other drying method, after the clear 
water was siphoned off, the wet mixture 
was placed into a plaster of paris absorp- 
tion dish until enough excess water was 
absorbed to determine the shrinkage, 
liquid, and plastic limits. 

Samples for limit tests on soils without 
additions of cement or lime were pre- 
pared by washing a representative amount 
over a No. 40 mesh sieve. The material 
was then dried either by the absorption 
dish method or in a 140 F oven. The 
oven-dried material was reduced to parti- 
cles fine enough to pass a No. 40 mesh 
sieve by a mortar and rubber-covered 
pestle. Water was added to determine the 
limits. Liquid, plastic, and shrinkage 
limits were determined according to 
ASTM D423,0) p424,(19) 


D427,( 1) respectively. 


and 


Cohesiometer Tests 


Cohesiometer values were determined 
according to the Texas Highway Depart 
ment test method Texas-122-E with a few 
modifications. The Texas test method 


describes procedures for determining the 
cohesiometer value of compacted soil 
mixtures that contain either liquid as- 
phalt, hydrated lime, or cement by meas- 
uring the force required to break or bend 
the specimen supported as a cantilever 
beam. The cohesiometer value is defined 
as the numerical value expressed as 
weight in grams required to break a test 
specimen. Test specimens are 2 in. in 
height and 6 in. in diameter. 

Texas-122-E specifies that cement-soil 
specimens be compacted at an effort of 
6.63 ft-lb per cu in. (25 blows per 2-in. 
layer using 10-lb ram with 18-in. drop) 
and that lime-soil specimens be com- 
pacted at an effort of 13.26 ft-lb per cu 
in. (50 blows per 2-in. layer using 10-lb 
ram with 18-in. drop). To determine the 
effect of this variation in compactive 
effort on cohesiometer values, cement- 
soil and lime-soil specimens were com- 
pacted at both 6.63 and 13.26 ft-lb per 
cu in. Moisture contents used for speci- 
mens compacted at 6.63 ft-lb per cu in. 
were equal to optimum moisture contents 
determined by standard Proctor (ASTM 
D558)(12) moisture-density tests. Mois- 
ture contents used for specimens com- 
pacted at 13.26 ft-lb per cu in. were equal 
to optimum moisture contents deter- 
mined by moisture-density tests where 
the soil mixtures were compacted into a 
1/30-cu-ft mold in four layers using 13 
blows per layer of a 10-lb ram dropping 
18 in. 

Texas-122-E also specifies that 
cement-soil specimens should be moist- 
cured in a damp room for 7 days whereas 
lime-soil specimens should be stored in- 
side a triaxial cell at room temperature 
for 7 days, then in a 140-F air dryer for 6 
hours, and finally inside a triaxial cell for 
subjection to capillarity for 10 days. All 
specimens, however, were moist-cured at 
73 F inside polyethylene bags for 7 days. 
The specified loading rate of 1800 g per 
minute was used. 


Unconfined Compressive Strength Tests 


Unconfined compressive strength speci- 
mens were 2.8 in. in diameter and 5.6 in. 
in height. They were molded according to 
ASTM D1632.(13) Densities and mois- 
ture contents of the test specimens corre- 
sponded to the maximum densities and 
optimum moisture contents determined 
by standard Proctor (ASTM D558)(2) 
moisture-density tests. 


Specimens were molded either imme- 
diately after machine-mixing or after a 
delay of 24 hr. During the delay period, 
the mixtures were stored in 5x9xS-in.- 
deep pans at 73 F. The material was 
remixed prior to molding after addition 


of the moisture lost during the delay 


period. 


All specimens were cured in poly- | 
ethylene bags at 73 F until tested either - 


7, 28, or 90 days after molding. Speci- 
mens were tested according to ASTM 
D1633.414) A hydraulic machine was 
used and the loading rate was 10.8 psi per 
second. The average compressive strength 
of three specimens was determined for 
each mixture in the test program. 


Triaxial Compressive Strength Tests 


Triaxial compressive strength specimens 
were also 2.8 in. in diameter and 5.6 in. 
in height. They were prepared, molded, 
and cured in the same manner as the 
unconfined compressive strength speci- 
mens. 

Triaxial specimens were tested with 
the equipment described in Balmer’s 
paper “Shear Strength and Elastic Prop- 
erties of Soil-Cement Mixtures under Tri- 
axial Loading.”(15) A loading rate of 
0.028 in. per minute producing axial 
strain of 1/2 percent per minute was 
used. For each mixture in the test pro- 
gram, Six specimens were tested at lateral 
pressures of 0, 3, 5, 10, 15, and 20 psi. 
The data from each test series were used 
to obtain diagrams of the type shown in 
Fig. 1 and the relationships 


(1) 
(2) 


0, = a+bo3 and 


T= ¢F 6, tan? 


in which 0, = axial stress, psi 
03 = lateral stress, psi 
0,, = normal stress, psi 


T = shearing stress, psi 


a = unconfined compressive 
strength, psi 
b = slope of principal stress 
equation 
c = cohesive strength, psi 
tan @ = coefficient of internal 


friction 


Values c, tan ¢, a, and b were determined 
for each complete triaxial compressive 
test. 
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Fig. 1. Triaxial compressive strength test data. 
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MATERIALS 


Maximum dry densities, optimum mois- 
ture contents, particle sizes, AASHO clas- 
sifications, and BPR textural classes for 
the soil samples used in this study are 
given in Table 1. Soils 2, 4, 6, and 8 have 
a classification of A-6. The other soils 
have a classification of A-7-6. 

With treatment of 3 or 5 percent 
cement, maximum dry densities de- 
creased an average of 1.2 lb per cu ft and 
optimum moisture contents increased an 
average of 0.6 percent. With treatment of 
3 or 5 percent lime, maximum dry 
densities decreased an average of 3.7 lb 
per cu ft and optimum moisture contents 
increased an average of 2.1 percent. With 
a 24-hr delay period between initial mix- 
ing and testing, maximum dry densities of 
the cement-treated soils decreased an 
average of 3.0 lb per cu ft and optimum 
moisture contents increased an average of 
1.8 percent compared to those of the 
mixtures tested without delay. After a 
24-hr delay with the lime-treated soils, 
densities and moisture contents were 
approximately the same as those deter- 
mined without delay. Increasing the com- 
pactive effort to 13.26 ft-lb per cu in. 
resulted in an average increase in maxi- 
mum dry density of 7.0 lb per cu ft and a 
decrease in optimum moisture content of 
2.7 percent for all mixtures. 

Cation exchange capacity, pH, car- 
bonate content, organic matter, and pre- 


Fine sand 
(0.42- 
0.074 mm) 


Clay AASHO BPR 
(smaller than classi- textural 
0.005 mm) fication class 


A-7-6(20) Clay 
A-6(8) Clay 
A-7-6(17) Clay 
A-6(9) Clay loam 
A-7-6(19) Clay 
A-6(6) Clay loam 
A-7-6(18) Clay 
A-6(9) Clay 
A-7-6(19) Clay 
A-7-6(20) Clay 
A-7-6(14) Silty 


clay loam 
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dominate clay mineral of each soil are 
given in Table 2. The predominate clay 
mineral in each soil sample was mont- 
morillonite. All soils contained some kao- 
linite, with soil 1 having the greatest 
amount. Soil 10 was composed mostly of 
calcite and quartz and had only a com- 
paratively small amount of montmoril- 
lonite. 

The clay mineral composition is one of 
the important factors controlling the 
chemical and physical properties of soils. 
Montmorillonite, even in small quantities, 
may exert a great influence on the 
physical properties of clay soils. A clay 
soil containing a large amount of mont- 
morillonite usually has a cation exchange 
capacity ranging from 80 to 150 mil- 
liequivalents per 100 g compared with 3 
to 15 meq per 100 g for kaolinite and 10 
to 40 meq per 100 g for illite clays. 

The size and shape of the clay particles 
are other important factors controlling 
the properties of soils. As particle size 
decreases, the surface area of a given 
amount of soil increases greatly. As base 
exchange with respect to soil is essentially 
an interface activity, especially for kao- 
linite and illite clays, smaller particle sizes 
will result in greater cation exchange 
capacities. The relationships between the 
clay content and the cation exchange 
capacity for the soils tested in this pro- 
gram are shown in Fig. 2. All soils except 
soil 10 generally followed a linear rela- 
tionship in which an increase in the clay 
content resulted in an increase in the 
cation exchange capacity. As soil 10 is 
essentially calcite and quartz, the cation 
exchange capacity should be relatively 
small compared to those of the other 
soils. 

Modification of the soils was accom- 
plished using either Type I portland 
cement or hydrated lime. The cement 
consisted of a blend of three brands and 
the lime consisted of a blend of two 
brands. Results of chemical analyses of 
the cement and lime are given in Table 3. 
It should be noted that the lime contains 
only about 73 percent calcium oxide plus 
magnesium oxide. 


TEST RESULTS 


Liquid, Plastic, and Shrinkage Limits 


Results of the liquid, plastic, and shrink- 
age limit tests are given in Table 4. These 
values were determined for a delay period 
of 24 hr between initial mixing and 
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CATION EXCHANGE CAPACITY, meq /!100g 


(e) 


BEST FIT LINE FOR ALL 
SOILS EXCEPT NO.1O 


O 20 40 60 80 


CLAY CONTENT OF UNTREATED SOIL, PERCENT 
Fig. 2. Relationship between cation exchange capacity and clay content. 


TABLE 2. Composition of Soils 


Cation Organic 
exchange Carbonate matter 
Soil capacity, as CaCo,,f | as CO, ,tT Predominate 


no. meq/100 g* percent percent clay mineral ¢ 


Montmorillonite and kaolinite 
Montmorillonite 
Montmorillonite 
Montmorillonite 
Montmorillonite 
Montmorillonite 
Montmorillonite 
Montmorillonite 


Montmorillonite 


Co Oo ON OO BP WwW DY = 


— 


Trace of montmorillonite 
(mostly calcite and quartz) 


_— 
— 


Montmorillonite 


*By ammonium acetate method (pH 7). See lowa State University Bulletin No. 192, Engineering 
Experiment Station, page 113. 

** At the ‘‘water saturation percentage.’’ See Soil Chemical Analysis by M, L. Jackson, page 45. 
+Total calcium plus magnesium, by versenate and atomic absorption, calculated as calcium 
carbonate. See lowa State University Bulletin No. 192, pages 153-156. 

+TOrganic carbon oxidized by chromic-phosphoric acid to carbon dioxide (does not include any 


carbonate carbon). See Analysis of Calcareous Materials S.C.|., Society for Chemical Industry 
Monograph No. 18, page 116. 


Lidentification was made by X-ray diffraction on samples prepared by sedimentation technique, 
Samples were tested as received, after heating to 500 C and after glycolation. 


»sting. The liquid limit and the plastic 
‘mit define the upper and lower limits, 
y2spectively, of the plastic range of soil. 
vhe difference between these two limits 
BF esses the plasticity of a soil and is 
fermed the plasticity index. One of the 
actors affecting the plasticity index is 
\lay content. As shown in Fig. 3, the 
(plasticity index generally increased as 
‘lay content increased. 


i 
il 

UTABLE 3. Results of Chemical Analyses, 
| Percent 


t 
i 


) Portland | Hydrated 
| Composition cement lime 


\ 0.47 
72.82 
0.53 


| 
Silica, SiO, 


) Aluminum oxide, Al,03 


' Ferric oxide, Fe, 0, 
: Calcium oxide, CaO 
2 Magnesium oxide, MgO 
Sulfuric anhydride, SO, 


2 Sodium oxide, Na,O 


i Potassium oxide, KO 
9 Manganese oxide, Mn,O3 


{ Loss on ignition 25.15 


| 
' Insoluble residue 


it 
i) Fineness, percent 
retained on 


No. 30 sieve 0.53 


No. 200 sieve 


Another factor affecting plasticity 
) index is the amount or nature of the 
_ exchangeable cation. For example, cal- 
cium-saturated clays are usually more 
friable than sodium-saturated clays. Con- 
sequently, the workability of a soil can be 
improved by replacing sodium ions with 
calcium ions through the addition of 
'cement. As shown in Fig. 4, plasticity 
indexes of soils dried by the absorption 
dish method were reduced an average of 
52 percent by treatment with only 3 
percent cement. 

When the soil samples were dried by 
the absorption dish method, treatment 
with cement or lime resulted in a small 
decrease in the liquid limit and a rela- 
tively larger increase in the plastic limit. 
When the soil samples were dried by the 
oven method, treatment with cement or 
lime caused a greater reduction in the 
liquid limit than that resulting from the 
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TABLE 4. Results of Liquid, Plastic, and Shrinkage Limit Tests After a 24-Hr Delay 


Soil 


10 


11 


3% cement 
3% lime 
5% cement 
5% lime 


None 

3% cement 
3% lime 
5% cement 
5% lime 


None 

3% cement 
3% lime 
5% cement 
5% lime 


None 

3% cement 
3% lime 
5% cement 
5% lime 
None 

3% cement 
3% lime 
5% cement 
5% lime 


None 

3% cement 
3% lime 
5% cement 
5% lime 


None 

3% cement 
3% lime 
5% cement 
5% lime 


None 

3% cement 
3% lime 
5% cement 
5% lime 


None 

3% cement 
3% lime 
5% cement 
5% lime 


None 

3% cement 
3% lime 
5% cement 
5% lime 


None 

3% cement 
3% lime 
5% cement 
5% lime 


Absorption dish method 


Plasticity 
index 


Oven-dry method 


Plastic | Shrinkage 


percent | percent 


Plasticity 
index 


20 


Ww 
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absorption dish method. As a result, the 
plasticity indexes of the oven-dried soils 
were less than those dried by an absorp- 
tion dish. It is considered that the absorp- 
tion dish method of drying probably 
provided data more representative of field 
performance. However, for both drying 
methods, treatment with cement resulted — 
in approximately the same reduction in ~ 
the plasticity index as treatment with . 
lime. Also, most of the reduction in the 
plasticity index occurred when 3 percent 
cement or lime was added to each un- 
treated soil sample. There was a compara- 
tively small change in plasticity index 
between the 3 and 5 percent cement or 
lime treatments. 

In addition to the tests conducted 24 
hr after initial mixing, liquid, plastic, and 
shrinkage limit tests were conducted after 
Ke) ABSORPTION a l-hr delay on soils 2, 3, 6, and 8 and 

DISH METHOD after a 48-hr delay on soils 1, 5, 9, and 
10. As shown in Table 5, the addition of 
3 percent cement or lime to soils 2, 3,6, , 
and 8 caused a reduction in plasticity 
index after 1 hr that was nearly as great 


0 20 40 60 _ 80 as that determined after 24 hr. Also, as 
CLAY CONTENT OF UNTREATED SOIL, PERCENT shown in Table 6, the addition of 5 


Fig. 3. Relationship between plasticity index and clay content. percent cement or lime to soils 1, 5, and 
10 caused a reduction in plasticity index 
after 48 hr that was only slightly greater 
than that determined after 24 hr. 


Reduced plasticity obtained by ce- 
ment or lime modification aids field 
manipulation and compaction of soils. 
Another important benefit is obtained 
from the increase in the value of the 
shrinkage limit that accompanies modifi- 
cation. The shrinkage limit is defined as 
the moisture content, expressed as a 
percentage of the oven-dried weight, at 
which a further reduction in moisture is 
not accompanied by reduction in volume. 

To understand the significance of in- 
creasing the shrinkage limit, we will 
examine some of the properties of the 
treated and untreated soils. For example, 
the shrinkage limit for the untreated soils 
was always less than the optimum mois- 
ture content. This implies that a soil 
ABSORPTION placed at optimum moisture will, upon 
DISH METHOD drying or wetting, either shrink or ex- 
pand. In contrast, treatment with cement 
or lime generally increased the shrinkage 
limits to values greater than optimum 
moisture contents. 

O 10 20 30 40 Test results from three representative 
PLASTICITY iNDEX OF SOIL TREATED soils are shown in Fig. 5. As an example, 


WITH 3 PERCENT CEMENT treatment of soil 3 with 5 percent cement 
Fig. 4. Reduction of plasticity index by treatment with 3 percent cement. resulted in an increase in shrinkage limit 
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, TABLE 5. Results of Liquid, Plastic, and Shrinkage Limit Tests After a 1-Hr Delay 


Liquid | Plastic | Shrinkage 
limit, 
percent 


Soil 


additive | percent] percent 


Cement 


Lime 

3 Cement 
Lime 

6 Cement 
Lime 

8 Cement 


Lime 


Liquid | Plastic | Shrinkage 
limit, 
percent 


Soil 5% 


additive | percent|percent 


Cement 
Lime 


Cement 
Lime 


9 Cement 
Lime 
10 Cement 


Lime 


1 from 10 to 36 percent. After compaction 
at the optimum moisture content of 24 
percent, this treated soil can either lose 
moisture without shrinking or gain an 
additional 12 percent moisture before 
swelling. Both cement and lime were 
effective in increasing the value of the 
shrinkage limit; however, when 5 percent 
, of either material was used, shrinkage 
limits of cement-treated soils were equal 
to or greater than those of eight of the 11 
lime-treated soils. 


Cohesiometer Values 


Cohesiometer values are given in Table 7. 
The specimens molded at a compactive 
effort of 13.26 ft-lb per cu in. had values 
averaging 26 percent greater than those 
for specimens molded at an effort of 6.63 
ft-lb per cu in. The cohesiometer values 


Absorption dish method 


Absorption dish method 


Oven-dry method 


Liquid | Plastic | Shrinkage 


Plasticity limit, Plasticity 

index |percent] percent} percent index 
5 
3 
10 
8 
7 
5 
1 
1 


Oven-dry method 


Liquid | Plastic | Shrinkage 
limit, 
percent 


Plasticity 
index 


percent |percent 


for cement-treated specimens averaged 65 
percent greater than those for lime- 
treated specimens. 


The cohesiometer values of soils 
treated with 5 percent cement or lime 
and compacted at an effort of 6.63 ft-lb 
per cu in. are compared with the clay 
contents of the untreated soils in Fig. 6. 
All cement-treated soils, except soil 10, 
generally followed a linear relationship in 
which a decrease in the clay content 
resulted in an increase in the cohesiom- 
eter value. The relatively large cohesiom- 
eter value of soil 10 could be due to its 
composition of calcite and quartz as 
shown in Table 2. 

The lime-treated soils did not follow 
the same relationship in Fig. 6 as the 
cement-treated soils. Although - soils 
treated with cement generally had greater 
cohesiometer values than lime-treated 


soils, cement treatment was especially 
effective on Type A-6 soils. For soils 1, 3, 
5, 7, 9, and 10, with a clay content 
ranging from 40 to 73 percent, the 
cohesiometer values of the 5 percent 
cement-treated soils were an average of 
31 percent greater than the values of the 
5 percent lime-treated soils. In contrast, 
for soils 2, 4, 6, 8, and 11, with a clay 
content ranging from 27 to 33 percent, 
the cohesiometer values of the 5 percent 
cement-treated soils were an average of 
199 percent greater than the values of the 
5 percent lime-treated soils. 


Unconfined Compressive Strengths 


Unconfined compressive strength test 
data are presented in Table 8 for a 
majority of the soil types tested. The 
28-day unconfined compressive strengths 
of soils treated with 5 percent cement or 
lime and compacted without delay are 
compared with the clay contents of the 
untreated soils in Fig. 7. The relationships 
shown in this figure are similar to those 
shown by the cohesiometer values in Fig. 
6. All cement-treated soils, except soil 10, 
generally followed a linear relationship in 
which a decrease in the clay content 
resulted in an increase in the unconfined 
compressive strength. 

The lime-treated soils did not follow 
the same relationship as the cement- 
treated soils. For soils 1, 7, 9, and 10, 
with a clay content ranging from 47 to 73 
percent, the 28-day unconfined compres- 
sive strengths of the 5 percent cement- 
treated soils were an average of 23 per- 
cent greater than the strengths of the 5 


percent lime-treated soils. In contrast, for 
soils 2, 4, 6, 8, and 11, with a clay 
content ranging from 27 to 33 percent, 
the 28-day strengths of the 5 percent 
cement-treated soils were an average of 
129 percent greater than the strengths of 
the 5 percent lime-treated soils. 

The 28-day unconfined compressive 
strengths of soils treated with 5 percent 
cement or lime and compacted after a 
delay of 24 hr are compared with the clay 
contents of the untreated soils in Fig. 8. 
A delay of 24 hr caused a reduction of 
the strengths of all of the cement-treated 
soils and about half of the lime-treated 
soils. Despite the generally greater 
strength reduction with time delay for 
soils treated with cement, the strengths of 
soils 1, 7, 9, and 10 treated with 5 
percent cement were slightly greater than 
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the strengths of those treated with 5 
percent lime. When 5 percent cement or 
lime was used with soils 2, 4, 6, 8, and 
11, the soils treated with cement had 
strengths an average of 74 percent greater 
than the strengths of those treated with 
lime. 


Triaxial Compressive Strengths 


Triaxial compressive strengths are given in 
Table 9 for specimens that were cured 28 
days in polyethylene bags. Of the 11 soils 
treated with cement and lime, soils 1, 10, 
and 11 were selected for these tests 
because soil 1 had the lowest cohesiom- 
eter values and very low unconfined 


compressive strengths; soil 10 had the 
highest clay content and the least reduc- 
tion in plasticity index; and soil 11 
contained the most silt. Soils 1, 10, and 
11 had an AASHO classification of 
A-7-6(20), A-7-6(20), and A-7-6(14), re- 
spectively. 

The results given in Table 9 may be 
compared with those of a previous tri- 
axial test program(!5) at the Portland 
Cement Association laboratories. It was 
concluded from this previous study that 
the coefficient of internal friction, tan ¢, 
was relatively constant for each particular 
cement-treated soil regardless of cement 
content or curing age. Values of tan ¢ in 


TABLE 7. Cohesiometer Values 


Cohesiometer value 


6.63 ft- 13.26 ft- 
Ib/cu in. Ib/cu in. 
Soil compactive | compactive 
Additive effort effort 


3% cement 


3% lime 290 

5% cement 761 

5% lime 445 

2 | 3% cement 1694 
3% lime 637 

5% cement 2374 

5% lime 520 

3 | 3% cement 830 
3% lime 793 

5% cement 1196 

5% lime 983 

4 | 3% cement 1707 
3% lime 966 

5% cement 2395 

5% lime 828 

5 | 3% cement 764 
3% lime 628 

5% cement 1077 

5% lime 736 

6 | 3% cement 1106 
3% lime Wh 

5% cement 1646 

5% lime 765 

7 | 3% cement 1048 
3% lime 673 

5% cement 1355 

5% lime 582 

8 | 3% cement 1335 
3% lime 1323 

5% cement 2132 

5% lime 1199 

9 | 3% cement 763 
3% lime 732 

5% cement 1101 

5% lime 953 

10 | 3% cement 1475 
3% lime 1259 

5% cement 1576 

5% lime 1312 

11 | 3% cement 1054 
3% lime 822 

5% cement 1583 


5% lime 


these tests averaged 0.96 and 0.73 for 
granular (A-1-b and A-2-4) and fine-grain 
(A-4) cement-treated soils, respectively. 
In comparison, the values of tan @ for 
soils 1, 10, and 11 (A-7-6) given in Table 
9 increased from an average of 0.66 for 


a a a a 


soils treated with 3 percent cement or 
lime to an average of 0.77 for soils 


treated with 5 percent cement or lime. 
Compaction delay had less effect on the 


) coefficient of internal friction as the 
y average value of tan ¢ was 0.71 for 
| specimens made without delay compared 


with 0.72 for specimens made after a 
24-hr delay. 
The unconfined compressive strengths, 


| a values, given in Table 9 were of the 


same magnitude but generally less than 
those obtained from unconfined compres- 
sive strength tests. This was probably due 
to the slower rate of loading used for the 
triaxial tests than for the unconfined 
compressive strength tests. A comparison 
of the unconfined compressive strengths 
given in Table 9 indicates that with no 
delay between mixing and molding of the 
specimens, the strengths of the cement- 
treated and lime-treated specimens were 
approximately equal. For specimens 
made 24 hr after initial mixing, the 
lime-treated specimens had strengths an 
average of 13 percent greater than those 
of the cement-treated specimens. 


SUMMARY 


A study was made of the benefits ob- 
tained when clay soils are treated with 
amounts of cement that are less than that 
required for soil-cement; i.e. 3 and 5 
percent cement by weight. From tests on 
four soils with an AASHO classification 
of A-6 and seven classified A-7-6, the 
following items were determined: 

1. The plasticity indexes of the soils 
were significantly reduced by the addi- 
tion of cement. For example, six of the 
11 soils had plasticity indexes ranging 
from 18 to 29 before treatment. When 
treated with 3 percent cement by weight, 
the plasticity indexes were reduced to 10 
or less after a 24-hr delay period. Cement 
and lime soil mixtures dried by a 140 F 
oven before testing had greater reductions 
in plasticity index than those dried by an 
absorption dish. 

2. Treatment of 11 soil samples having 
a plasticity index ranging from 18 to 41 
with either 3 or 5 percent cement re- 
sulted in approximately the same reduc- 
tion in plasticity index as that produced 
by an equal weight of lime. 

3. Shrinkage limits were increased to 
values greater than the optimum moisture 
contents by the addition of 3 percent 
cement to nine of the 11 test soils and by 


PCA Research and Development Bulletin 9 


TABLE 8. Unconfined Compressive Strengths, psi 


No compaction delay 


24-hr compaction delay 


7-day 90-day 7-day 28-day 
Soil no. Additive strength strength strength strength strength 
1 None 
3% cement 128 
3% lime 143 
5% cement 207 
5% lime 193 
2 None =9 
3% cement 324 
3% lime 117 
5% cement 371 
5% lime 138 
4 None - 
3% cement 238 
3% lime 146 
5% cement 320 
5% lime 192 
6 None = 
3% cement 185 
3% lime 103 
5% cement 302 
5% lime 184 
7 None — 
3% cement 133 
3% lime 114 
5% cement 213 
5% lime 175 
8 None Fe 
3% cement 267 
3% lime 166 
5% cement 346 
5% lime 193 
9 None — 
3% cement 192 
3% lime 221 
5% cement 283 
5% lime 292 
10 None Fé 
3% cement 140 
3% lime 143 
5% cement 205 
5% lime 252 
11 None = 
3% cement 137 
3% lime 166 
5% cement 294 
5% lime 322 


the addition of 5 percent cement to the 
other two test soils. This is an important 
benefit as such a mixture will be com- 
pacted at a moisture content less than the 
shrinkage limit and shrinkage should not 
occur if moisture is lost after compaction. 


4. Cohesiometer values for all speci- 
mens molded at a compactive effort of 
13.26 ft-lb per cu in. were an average of 
26 percent greater than those for speci- 
mens molded at an effort of 6.63 ft-lb per 
cu in. Most cement-treated specimens 
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Fig. 8. Relationship between clay content and 28-day unconfined compressive strength 
of specimens compacted after a 24-hr delay. 


compacted at 6.63 ft-lb per cu in. had 
greater cohesiometer values than those 
determined for lime-treated specimens 
compacted at twice the effort. However, 
in tests comparing different types of 
additives, it is important to mold all 
specimens at the same compactive effort. 

5. Triaxial compressive strength test 
results indicated that coefficients of in- 
ternal friction, tan ¢, were approximately 
equal to values determined by previous 


triaxial tests on fine-grain cement-treated 
soil mixtures. It may therefore be pos- 
sible to eliminate the need for triaxial 
tests by estimating the coefficient of 
internal friction according to the type of 
soil. Strengths could then be determined 
by unconfined compressive strength tests. 

6. Relationships determined from co- 
hesiometer tests were similar to those 
determined from unconfined compressive 
strength tests. When the soils with an 


AASHO classification of A-6 were treated 
with 5 percent cement, the cohesiometer 
values and unconfined compressive 
strengths were greater than those deter- 
mined for the A-7-6 soils. When the A-6 
soils were treated with lime, the strengths 
were much less than the cement-treated 
soil values. For example, with no delay 
between mixing and compaction, the 
cohesiometer values and 28-day uncon- 
fined compressive strengths of the four 
A-6 soils treated with 5 percent lime 
averaged only 38 and 40 percent, respec- 
tively, of those of the cement-treated 
soils. With a 24-hr delay between mixing 
and compaction, the 28-day strengths of 
the A-6 soils treated with 5 percent lime 
averaged 53 percent of the cement- 
treated soil strengths. As the reduction in 
plasticity index and increase in shrinkage 
limit resulting from treatment with 
cement were approximately the same as 
those produced by an equal weight of 
lime, it was concluded that cement pro- 
vided greater benefits than lime in 
treating the A-6 soils. 

7. When the soils with an AASHO 
classification of A-7-6 were treated with 
cement, the strengths were generally 
greater than the lime-treated soil 
strengths, but the differences were less 
than those determined for A-6 soils. For 
example, with no delay between mixing 
and compaction, the cohesiometer values 
and 28-day unconfined compressive 
strengths of the A-7-6 soils treated with 5 
percent lime averaged 72 and 77 percent, 
respectively, of those of the cement- 
treated soils. With a 24-hr delay between 
mixing and compaction, the 28-day 
strengths of the A-7-6 soils treated with 5 
percent lime averaged 102 percent of the 
cement-treated soil strengths. 
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ABSTRACT: A study was made of the benefits obtained by cement modifi- 
cation of clay soils. Comparisons were made between cement-soil and lime-soil 
mixtures using 11 different soil samples, four with an AASHO classification of 
A-6 and seven with a classification of A-7-6. Additions of 3 and 5 percent 
cement by weight to these soils significantly reduced the plasticity indexes and 
increased the shrinkage limits, cohesiometer values, and unconfined compressive 
strengths. Reductions in plasticity index by cement treatment were approxi- 
mately the same as those produced by an equal weight of lime. Strengths of 
cement-treated A-6 soils were greater than those of A-7-6 soils. In addition, soils 
treated with cement generally showed higher strengths than those treated with 
lime. This was particularly evident with Type A-6 soils. 
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